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PURPOSE. To analyze the internal structure of fibrovascular pigment epithelial detachment (FV-PED) due to AMD using en face enhanced depth imaging (EDI) spectral-domain optical coherence tomography (SD-OCT).
METHODS. Thirty-eight consecutive patients presenting with FV-PED due to AMD were enrolled in this study. Retinal images were automatically obtained with a spectral domain (SD) OCT instrument; the typical inverted 97 sections at 30-lm intervals, each comprised of nine averaged B-scans, were acquired in less than 60 seconds. The resultant images of en face cross-sections of the choroid (C-scans) were compared with indocyanine green angiography (ICGA) images, currently the only technique available for directly viewing occult choroidal neovascularization (CNV).
RESULTS. Thirty-eight eyes of 38 consecutive patients (27 females and 11 males, mean age 76.7 6 3 years) were studied. In all 38 eyes, ICGA allowed visualization of the CNV within the FV-PED. In 30 eyes, en face EDI-OCT revealed what appeared to be the hyperreflective course of presumed CNV, which was located just beneath the detached retinal pigment epithelium; this was confirmed by comparative analysis of the extent of hyperreflective lesions on en face EDI-OCT images and that of the neovascular network on ICGA. An area of homogeneous hyporeflectivity, consistent with serous exudation, separated the CNV from the Bruch's membrane and the choroid. In the remaining eight eyes, en face EDI-OCT revealed homogenous hyperreflectivity, consistent with fibrous tissue that partially hid the neovascular network. 1 Gass hypothesized that in type 1 CNV, exudation from neovascularization spread laterally detaching the surrounding RPE monolayer by hydrostatic dissection above the level of the leaking vessels. 2 This hypothesis led to the term fibrovascular pigment epithelial detachment (FV-PED) to distinguish this form of exudative AMD from other forms of serous pigment epithelial detachment (PED).
CONCLUSIONS. Noninvasive en face EDI-
Indocyanine green angiography (ICGA) was introduced in the 1970s for imaging the choroidal circulation because of the particular optical properties of this dye. 3 ICG absorbs and reflects in the near-infrared portion of the spectrum (805 nm and 835 nm, respectively), and thus renders the RPE invisible. Yannuzzi and associates 4 demonstrated that ICGA allows visualization of the entire choroidal neovascular membrane in type 1 CNV.
Recently, a new technique to improve depth imaging by optical coherence tomography (OCT), termed enhanced depth imaging (EDI)-OCT, has been shown to reliably image the fullthickness of the choroid. 5 The EDI-OCT technique uses a spectral domain (SD)-OCT instrument (Spectralis SD-HRA-OCT; Heidelberg Engineering, Heidelberg, Germany), which is positioned closer to the eye than has been usual, producing a stable inverted image. The net effect of this technique is increased sensitivity of the imaging in deeper layers of tissue. Using a time domain OCT instrument, study authors showed a layer of tissue behind the RPE in PED associated with type 1 CNV. 6 Using the B-scan EDI-OCT technique to investigate the internal structure of FV-PED, Spaide showed moderately hyperreflective material on the back surface of the RPE that could be suggestive of presumed CNV. 7 A new approach to OCT imaging, called ''en face OCT,'' combines SD-OCT with transverse confocal analysis. 8 The en face OCT technique produces simultaneous longitudinal (Bscans) and transverse (C-scans) images of the macular area with high pixel-to-pixel correspondence. Based on available data, en face cross-sections of the choroid (C-scans) reconstructed from EDI-OCT B-scans, have not yet been used for the evaluation of choroidal and sub-RPE changes in FV-PED.
In this study, authors reported a method they developed to visualize and localize the neovascular network in the internal structure of FV-PED due to AMD using the en face EDI-OCT technique. This analysis may offer a clearer picture of the neovascular process and provide insights into the pathophysiology of FV-PED development.
Centre d'Opthalmologie de l'Odeon, and at the University Eye Clinic of San Raffaele Hospital, between October and December 2011. To be included for analysis, patients with FV-PED had to undergo, as part of their routine clinical work-up, ICGA and EDI-OCT over a 158 3 108 area to encompass the FV-PED. Exclusion criteria were poor quality images due to extreme eye movement or extensive media opacities; diagnosis of drusenoid or avascular PED; presence of serous PED due to causes other than AMD; and signs of any other active retinal disease in the study eye such as retinal vascular (i.e., diabetic retinopathy and retinal vein occlusion) or vitreoretinal diseases (i.e., vitreomacular traction syndrome and epiretinal membrane).
The study followed the tenets of the Declaration of Helsinki. Written informed consent was obtained from the patients after explanation of the nature and possible consequences of the study. Approval for this study was obtained from the Ethics Committee of the San Raffaele Hospital, Milan, Italy.
Study Protocol
Best-corrected visual acuity (BCVA) was determined in all subjects using the Early Treatment Diabetic Retinopathy Study (ETDRS) charts. Retinal status was evaluated by fundus biomicroscopy by three experienced retinal physicians (FC, GQ, and GC) after pupil dilation, fluorescein angiography (FA), and ICGA. Automated central macular thickness (CMT) measurements were generated by a spectral domain (SD)-OCT instrument (Heidelberg Engineering) using a 19-horizontal line protocol (6 3 6-mm area), each consisting of 1024 A-scans per line (Spectralis Acquisition and Viewing Modules, version 5.3.2; Heidelberg Engineering). All subjects underwent choroidal imaging by ICGA and EDI-OCT.
ICGA and En Face EDI-OCT Analysis
A standardized imaging protocol was performed on all patients, which included acquisition of early, mean, and late phase ICGA frames (excitation k ¼ 787 nm; emission k >800 nm; field of view, 308 3 308; image resolution, 768 3 768 pixels). With confocal image acquisition, light from a conjugate plane of interest is detected by the image sensor, permitting suppression of light from planes anterior and posterior to the plane of interest, resulting in high-contrast fundus images. Using automated eye tracking and image alignment based on cSLO images, the software allows averaging a variable number of single images in real time (ART [Automatic Real Time] Module; Heidelberg Engineering).
For each study eye, one early/mean ICGA ART image (up to 100 single images) showing the extent of neovascular network was selected by three authors (FC, LQ, and NM) for further analysis.
The method of obtaining EDI OCT images has been reported previously. 5 The choroid was imaged by positioning the SD-OCT close enough to the eye to obtain an inverted image. Ninety-seven sections, each comprised of nine averaged EDI OCT B-scans at 30-lm intervals, were automatically obtained within a 158 3 108 rectangle to encompass the FV-PED; this acquisition was automatic and completed in approximately 60 seconds. The resultant 496 en face images from the vitreous cavity and inner retinal surface up to the outer sclera were viewed with the incorporated software platform (Heidelberg Eye Explorer, version 1.7.0.0; Heidelberg Engineering). The FV-PED was evaluated by three authors (FC, GQ, and GC) to ascertain the presence, location, and extent of hyperreflective lesions. Study authors classified the variability in reflectivity, including hyperreflectivity, as described by Hee et al. in 1996. 9 The most meaningful en face EDI-OCT images were analyzed on frozen images by scrolling the mouse button. Retinal vessel crossing points were automatically used as constant landmarks to allow alignment of the en face EDI-OCT images with that of the ICGA images. Each layer was switched on and off to evaluate correspondence between the extent of hyperreflective lesions on en face EDI-OCT and that of the neovascular network on ICGA. Analysis was performed by three observers (FC, GC, and GQ).
Statistical Analysis
Statistical calculations were performed using survey authoring and deployment software (Statistical Package for Social Sciences [SPSS], version 17.0; SPSS Inc., Chicago, IL). Intergroup comparisons of BCVA (converted to the logarithm of the minimum angle of resolution [LogMAR] ) and CMT were performed using the Student's t-test. The chosen level of statistical significance was P < 0.05.
RESULTS

Demographics and Clinical Data of the Study Population
Thirty-eight eyes of 38 consecutive patients (27 females and 11 males, mean age 76.7 6 3 years) with type 1 CNV and FV-PED due to exudative AMD met the inclusion criteria and were included in the analysis. Twelve out of 38 eyes were treatmentnaïve, while 17 out of 38 eyes had undergone previous intravitreal anti-VEGF injections. There was no significant difference in age between the treatment-naïve and treated patients. Treated patients received a mean of 9 6 5.5 (range 3-20) intravitreal anti-VEGF injections over a mean of 13.6 6 6.1 (range 3-30) months. Mean Log MAR BCVA was 0.27 6 0.13 and 0.37 6 0.19 in treatment-naïve and treated patients, respectively (P ¼ 0.3). Mean CMT was 348.8 6 87.2 and 303.6 6 46.2 in treatment-naïve and treated patients, respectively (P ¼ 0.2).
Combined ICGA and En Face EDI-OCT Imaging
In all 38 eyes, ICGA allowed visualization of the entire choroidal neovascular membrane in the area occupied by FV-PED (Figs. 1, 2) . Evaluation of single EDI-OCT B-scans (97 sections per eye) showed the presence of hyperreflective lesions within the FV-PED (Figs. 1-3) . Also, on single EDI-OCT B-scans, the full thickness of the choroid was visualized in all eyes. In 30 out of 38 eyes (Group 1), the hyperreflective lesions within the FV-PED were arranged in discrete collections and internal layers, with dense hyperreflective collections along the back surface of the PED (Figs. 1, 3) . Hyporeflective regions within the FV-PED, with fluid accumulation, were seen beneath the hyperreflective collections. 9 The remaining eight eyes (Group 2) showed only dense homogeneous hyperreflective collections within the FV-PED, consistent with fibrous tissue without fluid accumulation (Fig. 4) . No or only small hyporeflective regions were seen beneath the dense hyperreflective collections, followed by the normal choroid vessels.
In all 30 eyes from Group 1, analysis of en face EDI-OCT imaging revealed what appeared to be the hyperreflective course of type 1 CNV within the hyporeflective PED. The branching network with even small caliber vessels was clearly visible in the upper part of the cavity of FV-PED, lying just beneath the undersurface of the detached RPE (Figs. 1, 2) . Within the cavity of the PED but deeper, there was a hyporeflective area, optically empty, suggestive of fluid accumulation, separating the CNV from the normal choroid. Finally, deeper and out of the PED, choroid vessels became clearly visible (Fig. 3) . A limited amount of subretinal fluid accumulation was detectable surrounding the elevated FV-PED.
In all 30 eyes from Group 1, the hyperreflective course of type 1 CNV within the hyporeflective PED was confirmed by comparative analysis of the extent of hyperreflective lesions on en face EDI-OCT imaging and that of the neovascular network on ICGA. This observation was clearly demonstrated in Figure  2 and in supplemental Figures S1-S5 (see Supplementary Material, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs. 12-9878/-/DCSupplemental). Concordance between observers was very high (intraobserver, 97%; interobserver, 98%). Twelve out of these 30 eyes were treatment-naïve.
In all eight eyes with only dense homogeneous hyperreflective collections and without internal layers on EDI-OCT B-scans, analysis of en face EDI-OCT imaging revealed homogenous hyperreflectivity, consistent with fibrous tissue that hid the neovascular network (Fig. 4) . In all eight eyes, the normal choroid vessels followed the homogenous hyperreflective lesion. All eight eyes had undergone previous multiple intravitreal anti-VEGF injections.
DISCUSSION
FA, ICGA, and, increasingly, OCT are standard methods of examination in exudative AMD. FA visualizes the distribution of fluorescein molecules not only within vessels, but also in fluidfilled spaces, because fluorescein is only 80% protein bound; therefore, the free fluorescein readily escapes through the fenestrations of the choriocapillaris and obscures the details of the underlying choroid. Conversely, because of the particular optical properties of the ICG dye, 3 which is highly bound to protein and does not readily escape from the choriocapillaris, ICGA allows a more detailed visualization of the entire CNV, especially in cases of type 1 CNV, which is not possible with FA. 4 However, both FA and ICGA are techniques that involve intravenous dye administration.
Non-invasive B-scan SD-OCT enables the imaging of the retinal structures, including visualizing the exudative reaction of the neovascular network in exudative AMD, by providing anterior-posterior sections. However, B-scan SD-OCT is compromised in terms of identifying sub-RPE CNV, since CNV is not directly visible but is only suggested by a sub-RPE area of hyperreflectivity 5 and by fluid accumulation (either sub-RPE, subretinal, or intraretinal). 6 In this study, authors compared en face EDI-OCT images, obtained using the SD-OCT instrument, of the internal structure of FV-PED due to AMD with FA and also with ICGA images of type 1 CNV since ICGA allows conversion of the entire choroidal neovascular membrane of type 1 occult CNV into a well-defined network. The findings indicate that the extent of the hyperreflective course of what appeared to be CNV on en face EDI OCT images exactly corresponded with the hyperfluorescent neovascular network on ICGA images.
In this study, comparison between FA and ICGA were used to demonstrate the exact correspondence. In clinical routine, this technique of en face EDI-OCT may be easily used with monochromatic infrared images and without any injection of dye. Based on available data, this is the first demonstration that en face EDI-OCT technique enables detailed visualization of type 1 CNV in selected cases of FV-PED due to AMD. Thus, aspects that may render B-Scan SD-OCT inferior to angiography can be overcome by using the novel en face EDI-OCT technique.
This study's analysis also gives insight into the pathophysiology of FV-PED development. In a previous study, using time domain OCT, study authors showed a layer of tissue behind the RPE in PED associated with type 1 CNV. 6 Similar findings have been recently reported by Spaide using the B-scan EDI-OCT technique. 7 In this study, study authors showed that the hyperreflective course of type 1 CNV was closely in contact and lay just beneath the surface of the detached RPE, with a variable amount of homogeneous hyporeflectivity within the PED separating the CNV from the normal choroid. Given that the RPE secretes VEGF, 10, 11 and that increased VEGF plays a fundamental role in the generation of CNV, 12, 13 it is not surprising that the CNV may have an intimate association with the RPE. As the CNV spreads beneath the RPE, exudation from the CNV and fluid accumulation may develop exceeding the outflow ability of a relatively hydrophobic Bruch's membrane For the first time, the presence and localization of CNV are shown and demonstrated in the PED. Until now, CNV were not detectable on SD-OCT but only suggested by a sub-RPE area of hyper reflectivity and by the fluid accumulation (either sub-RPE or sub and intraretinal).
There are several limitations to this study, primarily due to the absence of a control group (i.e., serous avascular PED) and lack of histopathologic confirmation of the visualized CNV. However, there was excellent correspondence between the ''presumed'' occult CNV seen using the en face EDI-OCT technique and the occult neovascular network seen on ICGA, currently the only technique available for directly viewing occult CNV.
In conclusion, study authors have shown for the first time that, in addition to the possibility of analyzing the contour and shape of a PED as reported for other en face OCT techniques, 14 the en face EDI-OCT technique allows clear visualization and localization of the CNV within the FV-PED. This observation has clinical relevance since the en face OCT technique using an SD-OCT instrument is noninvasive and does not require a dye injection.
